There are several different approaches for LC method development; beside traditional, different software programs for method development and optimization are available. The solvatic retention model of reversed-phase LC was applied for prediction of retention in the gradient elution mode for aripiprazole and its related substances described in European Pharmacopoeia. As some of these compounds have very similar and others quite different chemical structure, their separation is challenge. Prediction was suitable on examined stationary phases (C18, C8 and phenyl-hexyl) with 0.1% phosphoric acid as aqueous mobile phase and acetonitrile or methanol as organic modifier. Predicted retention times take into account structural formulae of compounds and properties of stationary and mobile phases result in average difference of 14-17% compared to experimental ones on phenyl-hexyl stationary phase, where the highest matching was obtained. After utilisation of the retention models with data from one experimental run, the average difference decrease to maximal 7% and after contribution of data from two experimental runs, to maximal 2%. For majority of studied compounds difference between predicted and experimental values on all examined stationary phases is lower than 3%.
Introduction
As development and optimization of HPLC methods can be very time-consuming, 1,2 for rapid method development a systematic, automated approach is needed. 3 This approach includes identification of most suitable initial conditions (column and mobile phase), analysis of multi-component mixture (e. g. active pharmaceutical compound with typical impurities) and evaluation of the results. 4 Presumably methods developed using computer-assisted procedures are expected to be more robust than those, developed by the traditional »trial and error« approach. [5] [6] [7] Three main factors affect analyte partition between the stationary and the mobile phase. Those are the chemical structure of analyte, characteristics of the stationary phase and physico-chemical properties of the mobile phase at the constant temperature. 8 Several software programs for method development and method optimization are available -ACD/LC simulator ® , ChromSmart ® , ChromSword ® , DryLab ® , Osiris ® , Preopt-W ® and others. ChromSword ® and ACD/LC simulator ® contain algorithms for prediction of initial conditions from structural formulae of compounds. In ACD/ LC simulator ® correlation between logarithm of partition (log P) or logarithm of distribution (log D) and retention in reversed phase liquid chromatography is used. In ChromSword ® the solvophobic (solvatic) model or reversed-phase liquid chromatography is applied for predictions. Different kind of quantitative structure-retention relationships (QSRRs) have also been described in literature for prediction of retention. 9-15 Optimization of gradient elution is more complex compared to isocratic one and requires more experiments. 5, [16] [17] [18] In the literature successful prediction of isocratic retention parameters is reported. 16 In 2003, Baczek and Kaliszan applied quantitative structure retention relationships (QSRRs) to predict retention in reversed-phase HPLC with linear gradient. 19 Well known is the model based on LSER (linear solvation energy relationships) developed by Abraham and coworkers. 20 The most known QSRR approach and generally accepted is the solvophobic theory of reversed-phase liquid chromatography. The solvophobic model of interaction of an analyte with surrounding liquid was proposed by Sinanoglu and Haliloglu and applied by Horvath and coworkers [21] [22] [23] for a retention description in reversed-phase HPLC. Galushko used the solvophobic theory to calculate retention and in his approach a two-layer continuum model of reversed-phase liquid chromatography was applied. [24] [25] It this approach a stationary phase is considered as a quasi-liquid layer that has its own characteristics, which vary with mobile and stationary phase composition. An analyte interacts with the surface layer and retention is determined by the difference in molecule solvation energies in the mobile phase and stationary phase: lnk
2/3 is the partial molecular volume of the analyte in water, which determines the value of energy to create a cavity in the mobile and stationary phases, ΔG e.s.x.H 2 O is the energy of electrostatic interaction of the analyte with water and a, b, c are the parameters, determined by the properties of a reversed-phase column and a mobile phase. Thus, in the Galushko's model the molecular interactions of analytes with the stationary and mobile phase are assumed to be accounted by the partial molar surface, S (S = V 2/3 ) that determines the energy to create a cavity in the phases. 5 The partial molar volume parameter (V) appears to be a reasonably reliable parameter of structurally nonspecific determination of analyte retention. Another molecular parameter ΔG, energy of interaction, reflects differences in the so-called electrostatic intermolecular interactions of analytes with a surrounding mobile phase. 5 The main limitation for retention prediction of chemical compounds from their structure is the inadequacy of the translation of structural formulas into sets of numerical descriptors. 19 Kaliszan's approach needs three molecular descriptors and four regression coefficients, Abraham's approach needs five molecular descriptors, constant log k 0, and five regression coefficients and Galushko's approach needs only two molecular parameters and three regression coefficients. 2, 20, [24] [25] It should be noted that Kaliszan's approach can be used only for prediction on selected stationary phase and only for the same gradient that was used for deriving the model, 16 while Galushko's approach enables prediction of retention also for other stationary phases and multistep gradients. 5 Other practical important point to be considered is that in QSRR modelling retention behaviour is usually performed in one software, and different software is used to calculate the molecular descriptors. 26 ChromSword ® enables all operations -structures drawing, molecular parameters calculation, chromatogram simulation for different columns and gradients in one software platform. In off-line mode ChromSword ® software utilise defined relationships between separation, retention, and chromatographic condi-tions for the prediction. Chemical structures of analytes are entered and the software model chromatographic retention behaviour consider organic modifier in mobile phase. Additionally, the software uses chromatographic data obtained from at least two initial experiments to predict optimum separation condition for different type of retention models. 13 In the present work, the solvatic retention model in reversed-phase HPLC for retention prediction in gradient elution mode, using different types of stationary phases (C18, C8 and phenyl-hexyl) was applied for aripiprazole and its related substances described in European Pharmacopoeia. Also, two different organic modifiers (acetonitrile and methanol) were utilised. As some of the compounds have basic properties, effects of organic modifiers are important as methanol is concerned mainly in proton acceptor interactions, while acetonitrile mainly to dipole-dipole interactions. 2
Experimental

1. Chemicals and Reagents
Acetonitrile and methanol were ultra-gradient HPLC grade and were obtained from J.T.Baker (Avantor Performance Materials, USA). Ultrapure water was obtained with Milli-Q water system (Millipore Merck, Germany). Acetic acid and phosphoric acid (49-51%) were obtained from Sigma-Aldrich, USA.
Standards
Standards of aripiprazole, impurity B (European Pharmacopoeia), impurity E (Eur. Ph.) and impurity F (Eur. Ph.) were obtained from USP (USA). Standards of impurity A (Eur.Ph.), impurity C (Eur.Ph.) and impurity D (Eur.Ph.) were obtained from Toronto research Chemicals, Canada. Impurity G (Eur.Ph.) was obtained from Molcan, Canada.
5. Software
ChromSwordAuto ® method development chromatography data system (ChromSword, Germany), version 5.0.234.300, was used for HPLC system control, aqusition of chromatographic data and the rapid automatic optimization of gradient methods. ChromSword ® software for computer-assisted method development was used for retention prediction from structural formulae, stationary and mobile phase with simulation of gradient elution.
6. HPLC Columns and Chromatographic Conditions
Five HPLC columns with the same dimensions were utilised ( Table 1) : three Halo columns with identical particle and pore size, the same surface area, but different type of reversed phase (C18, C8 and phenyl-hexyl) and two columns from different vendors, slightly different particle and pore size and the same phases as two Halo columns. Software input parameters concerning stationary phase were: column name, type of stationary phase, column and particle dimensions. Columns temperature was maintained at 30 °C. Flow rate of mobile phase was 1.0 mL/min and injection volume 5 µL. Detection was at 220 nm. Concentration of each compound in standard solution was 0.1 mg/ mL. Gradient profiles for all five columns and both organic modifiers are shown in Table 2 . Minimum and maximum percent of organic modifier in gradient was preselected and then software delivers initial gradient conditions: the same for all selected columns (1 st run). Gradient was determined independent from chemical structures of analytes. Then software modelled two different gradient conditions (2 nd and 3 rd run).
Results and Discussion
1. Investigated Compounds
Drug aripiprazole and its related substances were studied. All compounds are described and marked with letters in European Pharmacopoeia (Figure 1 ). Aripiprazole is chemically 7-[4-[4-(2,3-dichlorophenyl)piperazin-1-yl]butoxy]-3,4-dihydroquinolin-2(1H)-one. Chemical structures of aripiprazole and impurities C, D, E, F and G are very similar as 7-hydroxy-3,4-dihydroquinolin-2(1H)-one is part of the structure. Aripiprazole and impurities B, E, F and G have 1-(2,3-dichlorophenyl)piperazine, but impurities C and D have only 1-(2-chlorophenyl)piperazine. These structural parts include basic N atoms, therefore analytes are bases. Piperazine part and dihydroquinolin-2(1H)-one part are linked via butyl in aripiprazole, impurity C, D, E, F and G. Impurity G is chemically the most different from aripiprazole, while impurities C and D have the most similar chemical structures (they are positional isomers).
Separation of analytes, which have very similar chemical structures, and separation of far different chemical structures in one analysis represents a challenge and can require a large number of experiments for separation optimisation, therefore this group of compounds was selected for automatic method optimisation.
2. Method Development
Software ChromSword ® was used for automatic method optimisation using the rapid method development algorithm, which usually performes 3 gradient runs (1 st , 2 nd and 3 rd ) to achieve separation of all analytes. 13 The optimisation of the method was performed on five different reversed-phase HPLC columns (Table 1 ) with acetonitrile or methanol as organic modifier.
Retention prediction in the reversed-phase HPLC from chemical structure of analytes ( Figure 1 ) and stationary/mobile phase characteristics can be considered as the zero approximation level and can be used for selection of initial conditions (the "first guess method"). Parameters of the impurity F contains the N-oxide fragment, which is charged and cannot be calculated with the Chromsword® software. Therefore, simulated chromatograms have seven peaks and the experimental one eight peaks. The main goal of these experiments was to predict conditions that provide as short as possible and practically acceptable retention times. Values for ΔG and V for aripiprazole and its impurities are presented in Table 3 . The software ChromSword ® does not distinguish between positional isomers for the zero approximation level and the estimated ΔG and V values are therefore the same for impurity C and impurity D. Input and output data for individual approximation are presented in Sheme 1. For the first approximation the results of one experimental run (1 st ) are used to correct retention models for analytes which were derived from structual formulae and characteristics of the reversed-phase column and the mobile phase. The second approximation procedure provides fine tuning of the re-tention models using results of two experimental runs (1 st and 2 nd ). The first and the second approximations provide retention prediction much more precisely than the zero Table 4 and Table 5 and for the first and second approximation in Table  6 and Table 7 respectively.
Results of the zero approximation step enable prediction of approximate elution order and approximate retention times. Table 4 and Table 5 (and additional tables in Sheme 1. Input and output data for zero, first and second approximation. Supplementary Material) represent results for zero approximation for all five tested columns. On phenyl-hexyl stationary phase the highest matching for zero approxima-tion step was obtained with both organic modifiers. The lowest matching for zero approximation step was obtained on C8 stationary phase. Therefore further optimization Table 6 . Difference between experimental and predicted retention times (in%) for the first and the second approximation with acetonitrile as organic modifier on all selected columns. ∆G fitted = fitted energy of electrostatic interaction of the analyte with water; V fitted=fitted partial molecular volume of the analyte in water was done on column Symmetry C8 (first and second approximation) and it is graphically represented in Figure 2 and Figure 3 . In practice, the first guess method is used mainly for retention optimization -retention time should be between 5 and 30 of the column zero time value. Obtained results are reasonable and practically useful to pre- dict the first guess gradient just from structural formulae and stationary/mobile phase characteristics. Software ChromSword® utilise for zero approximation combination of eluents water-acetonitrile or water-methanol and stationary phase. Previously published predicted elution order was the same as the experimental one as buffer with pH 6.4 was used, which is similar as pH of water. 2 In our experiments acidic pH (0.1% H 3 PO 4, pH = 2.4) was used.
First approximation
Analytes are bases and have charged structures at acidic conditions to have retention as low as possible. Additionally, predicted retention times are longer than experimental ones. This can be explained as all analytes except impurity A contain N atoms, which are strong bases and are protonated at acidic pH conditions (pH = 2.4), therefore their retention is lower than in the neutral eluent (that was obtained in 1 st , 2 nd and 3 rd run). Results in Table 6 and Table 7 demonstrate that retention prediction after the first approximation is much more precise: maximal average difference from experimental values is 6.5% with acetonitrile and 4.0% with methanol. At this step a correction of interaction energy of the analyte, ΔG with water is fitted. Difference between predicted and experimental retention is lower if ΔG is fitted compared to partial molecular volume, V. We consider that the reason for this is that partial molecular volume can be calculated from structure more precisely than energy of interaction.
After the second approximation ( Table 6 and Table  7 ) even more precise prediction of experimental retention times on all columns with both organic modifiers was achieved. The average difference between predicted and experimental values is maximal 1.9% with acetonitrile and 0.4% with methanol. For all tested compounds on all five columns, exception is Impurity G, difference between predicted and experimental values is lower than 3% (maximal difference is 2.8% for Impurity D on column YMC Triart C18). Difference between predicted and experimental values is the highest (4.7%) for impurity G on column Halo C18. Impurity G is dimeric impurity and its chemical structure differ from other compounds and this could be the reason.
For the second approximation step either the interaction energy can be fitted twice (option one) or both the interaction energy and the partial molecular volume (option two) can be fitted. According to the results in Table 6 and Table 7 there is no significant difference between these two options. Results show that second approximation gives much more precise results for predicted retention for 3 rd consecutive run. However, both the first and second approximations give satisfactory prediction of elution order and retention time for all selected stationary phases (C18, C8 and phenyl-hexyl).
High correlation between experimental and predicted retention from the structure of examined compounds and data from two experiments (second approximation) on all selected columns in both casesafter use of twice ∆G fitted (Table 8 ) or after use ∆G fitted + V fitted (Table  9 ) was obtained. The highest correlation coefficients are obtained with phenyl-hexyl stationary phase and the lowest with C18 stationary phase, where R 2 is 0.9973 and can be also considered as a very good result. Figure 2a peaks for all eight analytes appear. Peaks for impurity C and impurity D are not baseline separated. That is expected, because their chemical structure is very similar (positional isomers) and therefore their separation is challenging. Figure 2b and Figure 2c represent predicted chromatograms -for the first and the second approximations, where only 7 chromatographic peaks are presented (peak for impurity F is Table 8 . Correlation between predicted and experimental retention times from the structure and data of two experiments (second approximation) on all selected columns after use of twice ∆G fitted.
4. Comparison of Experimental and Predicted Chromatograms
Column
Correlation Table 2 .
missing as explained in paragraph 3.2.). After the first approximation there is a low resolution between peaks for impurities A and B, but after the second approximation step separation practically corresponds to the experimental one. On another experimental chromatogram presented in Figure 3a obtained with methanol as organic modifier on column Symmetry C8 again eight peaks for all analytes are separated. Separation of peaks for impurity C and impurity D (positional isomers) is better with methanol than with acetonitrile as organic modifier but elution order is reversed. Figure 3b and Figure 3c represent predicted chromatograms for the first and the second approximation correspondently. For these conditions (Figure 3b ) there is better resolution between impurities A and B than with acetonitrile as an organic modifier (Figure 2b ). After the second approximation (Figure 2c and Figure 3c ) these two analytes are baseline separated in both cases (with acetonitrile or methanol as organic modifier).
Conclusions
The solvatic retention model of reversed-phase high-performance liquid chromatography was applied for prediction of aripiprazole and its impurities retention in multi-step gradient elution mode on C18, C8 and phenyl-hexyl stationary phases with acetonitrile or methanol and 0.1% phosphoric acid mobile phases. In the zero approximation step -only from structural formulae and column/mobile phase characteristics reasonable prediction of retention times was obtained. The average difference between experimental retention and predicted retention is 17.1% with acetonitrile and 14.3% with methanol as the organic modifier on phenyl-hexyl stationary phase, where highest matching was obtained. Retention data from one experimental run (1 st ) were used to correct the retention models. The first approximation step enables prediction of retention time with maximal average difference from experimental values 6.5% with acetonitrile and 4.0% with methanol. After the second approximation step retention data from two runs (1 st and 2 nd ) were used for further fine-tuning of the retention models. The average difference between predicted and experimental values is maximal 1.9% with acetonitrile and 0.4% with methanol. For all tested compounds on all five columns difference between predicted and experimental values is lower than 3%. Exception is dimeric Impurity G, where on column Halo C18 difference is 4.7%.
Some of investigated compounds, aripiprazole and its related substances described in European Pharmacopoeia, have very similar chemical structure; two of them are even positional isomers. On the other hand, some of the compounds have very different chemical structure. Therefore, appropriate separation of all these compounds in one analysis represent complex problem and the opti-misation can be time consuming. Using solvatic retention model optimisation was successful; exception is the compound with charged structure, as there is no option for prediction of retention time of such compounds.
In the present research solvatic retention model was investigated for prediction on different reversed stationary phases (C18, C8 and phenyl-hexyl), while in literature generally for reversed phase investigations C18 is used as model phase. In our study best matching between experimental and predicted retention was observed on phenyl-hexyl stationary phase, which was not described so far as model reversed phase and also comparison with C18 and C8 stationary phases was made. Additionally, there are several published investigations using isocratic elution, while few investigations describe results with gradient elution mode. In our research we perform experiments with multi-step gradient and obtained quality results (average difference between predicted and experimental values below 2%) compared to the literature data.
Results of this investigation, where solvatic model was utilised, can serve as support for further usage of this approach for fast development and optimisation of robust analytical methods.
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